Introduction
R ecent progress in instru m en tatio n and m eth o dology [1 -2 ] has rendered chlorophyll fluores cence a reliable in d icato r o f photosynthetic elec tro n tra n sp o rt in intact leaves [3 -7 ] and ch lo ro plasts [8 -1 2 ] . Q uenching analysis by the so-called "sa tu ra tio n pulse m e th o d " , w hich is based on the original " light-doubling m eth o d " o f B radbury and B aker [13] , allow s to separate photochem ical and n o n -photoch em ical com ponents o f overall quenching [1, 1 4 -1 6 ], Photochem ical quenching, which is suppressed by a pulse o f satu ratin g light, reflects the relative rate o f charge separation at PS II reactio n centers. F o r the actual electron tra n sp o rt ra te n o t only the " openness" o f PS II centers b u t also their intrinsic photochem ical effi ciency is essential, w hich is reflected by F J F m [3, 6, 17, 18] , w ith Fw co rresponding to the increase o f fluorescence yield w hen all centers are transform ed from the open to the closed state, and FM repre senting the m axim al fluorescence yield w ith all Reprint requests to Dr. U. Schreiber.
Verlag der Zeitschrift für N aturforschung, D-7400 Tübingen 0939-5075/91/0700-0635 $01.30/0 centers closed, e.g. by application o f a satu ratio n pulse. N on-photochem ical quenching is closely correlated w ith the low ering o f F V/F M. A m ajor com ponent o f non-photochem ical quenching is caused by "m em brane energization" [19] which depends on the form atio n o f a tran sthylakoidal p H -g rad ien t (A pH ) and, hence, is called "energyd ependent quenching" . As m em brane energization leads to a low ering o f F J F M, it results in "dow nreg u latio n " o f PS II, essentially by increasing the rate co n stan t o f therm al energy dissipation w ith respect to th a t o f photochem istry. T he m echanism o f non-photochem ical quenching is n ot yet fully un d ersto o d . M ajo r problem s are the existence o f several form s o f non-photochem ical quenching [16, 2 0 -2 2 ] and the difficulty in distinguishing be tween cause and action [23, 24] , D ow n-regulation o f PS II, as reflected by a de crease o f Fw/F m, is o f u tm o st im portance for the p ro tection o f the p h otosynthetic ap p a ra tu s against p h o to in h ib ito ry dam age [25, 26] , T here is general agreem ent th a t the A pH is an interm ediate in this process. R ecently, we have draw n atten tio n to the role o f 0 2-dependent electron tra n sp o rt in the creation o f the ApH [8, 10, 12, 24] , W ith the given stoichiom etric dem ands o f A T P /N A D P H o f the Calvin cycle, any surplus ApH should depend on n on-assim ilatory electron flow, as e.g. on 0 2 -re d uction o r cyclic flow. So far, the evidence for su b stantial PS I or PS II cyclic flow in the presence o f 0 2 is n o t convincing (see e.g. ref. [24, 27, 28] ). O n the o th er han d , 0 2-reduction has been well d o cu m ented by a large n u m b er o f studies [29] [30] [31] [32] [33] [34] [35] [36] , T here is an o th er type o f non-assim ilatory elec tro n flow, nam ely the reduction o f internally form ed H 20 2, which has been characterized as an efficient detoxification m echanism [3 7 -4 1 ], b ut so far has n o t found m uch atten tio n regarding its possible regulatory role. In recent reports, we have show n th a t H 20 2-reduction is reflected by p ro nounced fluorescence quenching [10, 12, 24] , W hen H 20 2 is form ed internally by 0 2-reduction, the com b in atio n o f the fo rm atio n and detoxifica tion reactions does n o t lead to net 0 2-exchange (see reviews in ref. 
R eactions ( l ) -( 2 ) are associated w ith 0 2-reduction (M ehler reaction), reaction (3) represents the enzymic dism utation o f the initially form ed super oxide radical anions to 0 2 an d H 20 2, a n d reactions (4 )-(5 ) represent the enzym ic redu ctio n o f H 20 2 by electrons derived from w ater splitting. W ith m ost chlo ro p last p rep aratio n s used in previous studies, reactions (4 )-(5 ) were n o t active because no care was taken to preserve the activity o f the ascorbate peroxidase. F o r this enzym e to be active, an exceptionally high degree o f ch lo ro p last in ta c t ness an d presence o f asco rb ate are essential [41, 44] , W hen catalase is add ed , as in m any previous studies, internal H 20 2-reduction via the ascorbate peroxidase is partially suppressed. In this case, net 0 2-exchange is also zero, b u t chlorophyll fluores cence m easurem ents clearly indicate th a t an im p o rta n t p a rt o f overall electron flow is suppressed when catalase is added, as photochem ical and energy-dependent quenching are decreased (see e.g. Fig. 1 o f ref. [10] ).
Previous w ork has show n th a t there is a close link betw een 0 2-dependent electron flow and A pH -form ation, as expressed in energy-dependent fluorescence quenching (see e.g. Figs. 1 -5 o f ref. [24] ). In the present report, the pH -dependencies o f overall 0 2-dependent electron flow, as well as o f the separated partial reactions o f 0 2-reduction and H 20 2-reduction are investigated. C o n trastin g p H -optim a for these partial reactions are found and d ata are presented which suggest an a u to ca talytic activation o f 0 2-dependent electron flow by A pH -form ation.
Materials and Methods
In tact chloroplasts were isolated from freshly harvested leaves o f greenhouse-grow n spinach fol lowing the m ethod described by A sada et al. [28] , w hich involves a purification step by cen trifu g a tion th rough a layer o f 40% Percoll (v/v). T he re sulting chloroplasts were 9 0 -9 8 % intact, as d e te r m ined by the ferricyanide m ethod [45] , C hloroplasts were suspended isotonically a t a final M odulated chlorophyll fluorescence was m eas ured w ith a PA M C hlorophyll F lu o ro m eter (W alz, Effeltrich, G erm any) as previously described [1] . A ctinic red light was obtained from a halogen lam p (X enophot, O sram ) equipped w ith a cu t-o ff filter (Schott R G 645) and various neutral density filters (Schott N G series). S aturating pulses o f w hite light were applied w ith a com m ercial pulse lam p (F L 103, W alz) equipped w ith a sh ort-pass filter (D T C yan, X < 700 nm, Balzers).
Results and Discussion
In Fig. 1 W ith the application o f co n tin u ous actinic light (AL) fluorescence yield, F, rapidly rises to a peak, which is below ^M' from w here it slowly decays tow ards a steady state level. In the peak and then every 10 s satu ratin g light pulses are applied to register the m axim al fluorescence yield d u rin g continuous illum ination, FM'. Before reach ing the steady state, a sm all volum e o f H 20 2 is in jected into the rapidly stirred chloroplast suspen sion to a final co n cen tratio n o f 0.2 m M . H 20 2 leads to a rapid low ering o f fluorescence yield (AF), and to an enhancem ent o f the F M'-decline. C om paring the kinetic traces a t the three different pH -values, it is a p p aren t th a t the light-induced F-decline is m ost p ronounced at pH 6.5 while the H 20 2-induced F-decrease is largest at pH 8.5. F o r a q u a n titative com parison, the corresponding p h o to chem ical quenching coefficients, q?, can be calcu lated [1, 47] F o r an evaluation o f the d a ta in Figs. 1 and 2, it should be considered th a t these experim ents were carried o ut w ith in tact chloroplasts and that, hence, the internal pH o f the chloroplasts m ay be shifted w ith respect to the external pH o f the m edi um . This is particularly tru e for illum inated chlo roplasts in w hich a tran sthylakoidal p ro to n g ra dient (ApH) is built-up, resulting in lum en-acidific ation and strom a-alkalization. L ight-induced A pH -form ation could be expressed in the slow external pH O f course, w hen qP approaches unity before H^O t addition, fu rth e r stim ulation by H 20 2 w ould be prevented.
These considerations show th at it is necessary to determ ine separately the pH -dependencies o f the relevant partial reactions o f overall 0 2-dependent electron flow. The likely sequence o f events, as it has been elucidated by extensive previous research (see e.g. reviews in ref. [42, 43] [48] found an optim um at pH 7.0 for the ascorbate peroxidase in the strom a fraction o f spinach chloroplasts, whereas Jablonski and A nderson [40] reported a pH -optim um at 8.2 for pea chloroplasts. The M D A -reductase was show n to display a broad pH -optim um at 6 .8 -9 .0 [49] .
In the context o f the present investigation, it m ay be sufficient to separate the pH -dependencies o f 0 2-reduction on one hand and o f H 20 2-reduction, including ascorbate peroxidase and M D A -re ductase activity, on the other hand. In principle, it should be possible to specifically study H 20 2-reduction with chloroplasts in presence o f the glu cose/glucose oxidase system, which effectively rem oves 0 2, and to specifically study 0 2-reduc-tion in the presence o f K C N , which is know n to in hibit asco rb ate peroxidase [42] , These aspects are illustrated in Fig. 4 for an experim ent at pH 8. C h lo rop lasts were suspended in a m edium containing glucose and bubbled w ith nitrogen. G lucose oxi dase was ad d ed briefly before onset o f actinic illu m ination. W hen it was added earlier, d ark inactiva tion o f the asco rb ate peroxidase occurred [41, 44] , due to the H 20 2 form ed by divalent reduction o f som e O , still present in the suspension despite o f N 2-bubbling [12, 42] . The effect o f this H 20 2 on fluorescence quenching can be seen u pon onset o f actinic illum ination. There is a rapid fluorescence decline involving increases o f photochem ical and non-photochem ical quenching, which is then re versed again, as the H 20 2 becomes exhausted. A state is reached in w hich q? is alm ost com pletely suppressed. T he satu ratio n pulses cause negative spikes, reflecting transient reduction o f pheophytin, w hich is a fluorescence quencher [50] . O bvious ly, in this system 0 2-reduction is elim inated and, hence, H 20 2-reduction can be selectively studied. W hen H 20 2 is added, a biphasic fluorescence d e cline is induced. The rapid phase is likely to reflect the sp o n tan eo u s H 20 2-induced increase o f p h o to chem ical quenching, while the slower phase is m ainly caused by an increase in non-photochem ical quenching. T his non-photochem ical quenching can be relaxed by additio n o f nigericin (not show n in the figure) and, hence, represents energy-dependent In Fig. 5 original traces for determ ination of H 20 2-reduction at pH 6.0 and 8.5 are presented. Sam ples were pre-treated as in Fig. 4 . It is a p p a r ent th a t H 20 2-induced quenching is substantially larger at pH 8.5 th an at pH 6.0. F urtherm ore, the n o n-photochem ical quenching induced at pH 8.5 is fully reversible upon darkening, while it is irre versible at pH 6.0. Therefore, alth o u g h obviously there is som e peroxidase activity at pH 6.0, this a p pears to be relatively low and, m ost im portantly, it does n o t produce the " m em brane energization" , which is supposed to play a decisive regulatory role in photosynthesis. In Fig. 6 the full pH -dependencies o f H 20 2-induced photochem ical and energy-dependent (i.e. relaxable) quenching are show n. As in Fig. 2 , the m ain pH -optim um is A lternatively, the optim um at pH 7 could be due to th e asco rb ate peroxidase [48] w hereas the optim um at p H 8.5 could result from the M D A -reductase [48] . O nly in p h o to chem ical quenching there is a m in o r peak close to pH 5. It also should be p o in ted out, th a t below pH 6.5 H 20 2-induced energy-dependent quench ing is practically zero, while there is still su b stan tial H 20 2-induced photochem ical quenching. These d a ta suggest th a t it is the peroxidase and M D A -reductase activities in the alkaline pH -range which provide the relevant electron flux for m em brane energization.
The next question is: w h at is the pH -dependency o f 0 2-reduction? It should be possible to answ er this question by m easuring fluorescence quenching in presence o f K C N w hich, as d em o n strated in Fig. 4 , inhibits H 20 2-reduction. It is know n th at K C N also inhibits reactions involving the carb o x ylase/oxygenase. In Fig. 7 original kinetics traces o f light-induced fluorescence changes in presence o f K C N are com pared for p H 5 and 8.5. Clearly, the photochem ical quenching is substantially high er a t pH 5 th an at pH 8.5. A nd, m ost im po rtantly, neither at pH 5 nor at pH 8.5 there is energy-de pendent quenching developed, which w ould relax upon darkening. It appears th a t developm ent o f energy-dependent quenching depends on H 20 2-reduction, and, as shown above, particularly on th a t p art o f H 20 2-reduction which is catalyzed in the alkaline pH -range. In Fig. 8 ency o f photochem ical quenching caused by 0 2 -re duction is presented. A ctivity is relatively low in the alkaline p H -range and peaking close to pH 5.
It should be pointed out again, th a t the in d ic a t ed pH -values are those o f the external m edium and do not necessarily correspond to the actual p H at the site o f 0 2-reduction. N evertheless, the salient point is that 0 2-reduction displays a p H -o p tim u m in the acidic range con trastin g w ith the m ajo r pH -optim um o f H 20 2-reduction in the alkaline range. Considering the obvious function o f a sc o r bate peroxidase and M D A -reductase to reduce the H 20 2 form ed consequently to 0 2-reduction, such contrasting p H -o p tim a are surprising. H ow ever, the apparen t discrepancy could be resolved, if 0-,-reduction and H 20 2-reduction w ould occur in d if ferent com partm ents o f the chloroplast. A lth o u g h there is a prevailing notion o f 0 2 being reduced by ferredoxin in the strom a [34, 43] , there are also re ports which po in t to a reduction o f 0 2 w ithin the m em brane phase [42, 51, 52] , In view o f the su r prising results o f the present study, it appears th a t the in vivo role o f intra-m em brane 0 2-reduction m erits thoro u g h investigation.
It may be asked w hether the fluorescence quenching stim ulated at low pH really reflects 0 2-reduction. In principle, o th e r acceptors (like nitrite) could also play a role an d there is also the possibility o f cyclic flow aro u n d PS II, w hich p o s sibly is stim ulated by low pH [53] . First, rem oval o f 0 2 (e.g. as in Fig. 4 and 5) com pletely suppresses photochem ical quenching. Second, a stim ulation o f 0 2-reduction by pH -low ering also is observed when 0 2-uptake is m easured polarographically w ith chloroplasts o r p hotoacoustically w ith in tact leaves (data n o t presented here). Briefly, it shall be m entioned th a t 0 2-uptake is dram atically stim u lated at pH 5 -6 , in particular w hen the asco rb ate peroxidase is inhibited by K C N (Schreiber, E ndo, A sada, and N eub au er, in p rep aratio n ). A nd in intact tobacco leaves a strong u p ta k e signal is re vealed by pulse-m odulated p h o to aco u stic m eas urem ents [54] , w hen the chloroplasts are acidified by application o f high C 0 2-concen tratio n s (Reising and Schreiber, in prep aratio n ).
Conclusions
Fluorescence quenching analysis by the s a tu ra tion pulse m ethod has revealed th a t 0 2-reduction an d H 20 2-reduction in intact chloroplasts display largely contrasting pH -optim a close to pH 5 and 8.5 (external m edium ), respectively. A lthough there is some H 20 2-induced photochem ical quenching also in the pH 4 -6 range, energy-de p en d en t quenching is produced only by H 20 2-red u ctio n in the pH -range above 6.5. 0 2-reduction does n o t lead to substantial energy-dependent quenching, neither at acidic n o r at alkaline pH . W ith chloroplasts, w hich are suspended at pH 6 -7 , there is an increase o f photochem ical quenching d u ring the first m inute o f illum ination. As this in crease is suppressed by uncouplers, it is proposed th a t the ap p aren t activation results from the stim u lation o f H 20 2-reduction upon light-induced alkalization o f the strom a. A nd, as some o f this ac tivation is even observed in presence o f K C N , it ap p ears th at also 0 2-reduction is stim ulated by A pH -form ation. Such stim ulation, how ever, w ould only agree with the observed acidic p H -optim um , if 0 2-reduction w ould take place at the lum en side o f the thylakoid m em brane o r w ith in sequestered intra-m em brane dom ains w hich are acidified by protolytic electron transfer reactions [55] , T he presented results are im p o rtan t with respect to the regulation o f photosynthetic electron flow. T he tran sthylakoidal ApH and m em brane energi zation reflected by energy-dependent quenching are k now n to have a decisive influence on the dow nregulation o f PS II when Calvin cycle activity be com es lim iting in the presence o f excess light. O ur d a ta suggest th at it is the H 20 2-reduction, being stim ulated upon strom a alkalization, w hich results in the relevant m em brane energization. If this suggestion is correct, the ascorbate peroxidase/ M D A -reductase system provides n o t only, as so far assum ed, an im p o rtan t detoxification m echanism , b ut also plays a decisive role in the regulation o f in vivo electron tran sp o rt. F o r this role a relatively low rate o f H 20 2-form ation and reduction will be sufficient. It appears reasonable to assum e th a t 0 2-reduction and H 2O r form ation will prevail only w hen N A D P H can n ot be re-oxidized by the C al vin cycle. This situation m ay arise from a lack o f A T P or from intrinsic lim itations, e.g. insufficient C 0 2-supply or stress-induced dam age. As the re du ctio n o f 0 2 and H 20 2 does n ot require A T P, this "non-assim ilatory" flux will be effective in p ro d u c ing excess ApH and m em brane energization, which then will cause a low ering o f the intrinsic q u antum yield o f PS II, relieving the electron pressure on the PS II acceptor side and thus helping to prevent p h o to in h ib ito ry dam age. Im p o rtan t aspects inher ent in this reaction sequence are: (1) The ApH w hich is form ed w ith 0 2-dependent electron flow will act stim ulating on this very flow, i.e. there is m utually positive feedback, leading to au tocatalytic behaviour. (2) The sam e ApH, w hich is know n to slow dow n N A D P -red u ctio n by control o f elec tro n tran sfer from P Q H 2 to Cyt /j//, will stim ulate 0 2-dependent flow. The resulting m odel o f the regulatory role o f 0 2-dependent flow is depicted schem atically in Fig. 9 .
Finally, it m ay be concluded th at the ap p aren t activation o f 0 2-dependent electron flow could be the basis o f the w ell-know n K autsky effect o f chlo rophyll fluorescence induction [56, 57] . It has been k now n for long th a t w ith d ark -ad ap ted sam ples 0 2 and A pH -form ation are required for the decline o f fluorescence from the initial peak to the steady state level [5 7 -5 9 ] . W e have suggested earlier th at it is "a rea c ta n t w hich is form ed as a consequence o f 0 2-red u ctio n " w hich is involved [12] . It now a p pears th a t it is the H 20 2, the ApH and the p ro posed auto cataly tic reaction sequence w hich lead to activation o f p rim ary electron flow. F u rth e r m ore, it ap p ears th a t the " regulatory oscillations" o f various photosy n th etic param eters w hich are observed u p o n sudden changes o f light intensity, C 0 2-o r 0 2-concentration [60] [61] [62] m ay also be re lated to the regulatory m echanism s associated w ith 0 2-dependent electron flow. M ore experi m en tatio n will be required to o b tain final evidence for these suggestions.
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